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Abstract

Background and purpose: The aim was to evaluate whether magnetic resonance imag-
ing (MRI) phenotypes defined by inflammation and neurodegeneration markers corre-
late with serum levels of neurofilament light chain (NfL) and glial fibrillary acidic protein
(GFAP) in relapsing-remitting multiple sclerosis (RRMS) patients; and to explore the role
of radiological phenotypes and biomarker levels on treatment response and long-term
prognostic outcomes.

Methods: Magnetic resonance imaging scans from 80 RRMS patients were classified
at baseline of interferon-beta (IFNB) treatment into radiological phenotypes defined by
high and low inflammation and high and low neurodegeneration, based on the number of
contrast-enhancing lesions, brain parenchymal fraction and the relative volume of non-
enhancing black holes on T1-weighted images. Serum levels of NfL and GFAP were meas-
ured at baseline with single molecule array (Simoa) assays. MRI phenotypes and serum
biomarker levels were investigated for their association with IFNB response, and times
to second-line therapies, secondary-progressive MS (SPMS) conversion and Expanded
Disability Status Scale (EDSS) 6.0.

Results: Mean (SD) follow-up was 17 (2.9) years. Serum NfL levels and GFAP were higher
in the high inflammation (p=0.04) and high neurodegeneration phenotypes (p=0.03),
respectively. The high inflammation phenotype was associated with poor response to
IFNB treatment (p=0.04) and with shorter time to second-line therapies (p=0.04). In
contrast, the high neurodegeneration phenotype was associated with shorter time to
SPMS (p=0.006) and a trend towards shorter time to EDSS 6.0 (p=0.09). High serum NfL
levels were associated with poor response to IFNp treatment (p=0.004).

Conclusions: Magnetic resonance imaging phenotypes defined by inflammation and neu-
rodegeneration correlate with serum biomarker levels, and both have prognostic implica-

tions in treatment response and long-term disease outcomes.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic immune-mediated disease of the
central nervous system whose pathogenesis is mainly characterized
by two major processes, inflammation and neurodegeneration [1,
2]. Clinically, the disease has a high degree of interindividual and in-
traindividual variability, and its unpredictable course makes disease
management difficult, especially when it comes to making treatment
decisions [3, 4].

Classically, MS monitoring relies on the assessment of relapses
and disability measured by the Expanded Disability Status Scale
(EDSS) [5]. In addition, periodic follow-up magnetic resonance
imaging (MRI) examinations are performed to assess focal inflam-
matory activity, primarily defined by the presence of gadolinium
(Gd) enhancing T1 or new/enlarging T2 lesions [6]. However, these
markers of disease activity often fail to predict individual relapse
rate, disability progression and therapy response [7]. Furthermore,
MRI markers of neurodegeneration and prediction of conversion
to secondary progressive MS (SPMS) are difficult to implement
in clinical practice [8]. In this context, there is an urgent need to
identify and validate biomarkers that could be used as surrogate
measures for clinical end-points in a more individualized manner
[9, 10].

In a previous study conducted by our group [11], a cohort of
108 relapsing-remitting MS (RRMS) patients was classified at
baseline for interferon-beta (IFNB) treatment into four radiological
phenotypes defined by various degrees of inflammation and neu-
rodegeneration in order to identify specific blood transcriptomic
patterns associated with MRI phenotypes characterized by high
and low neurodegeneration. Down-regulation of B-cell-specific
genes in peripheral blood mononuclear cells and higher activa-
tion status in B cells were found from patients with high neuro-
degeneration phenotypes [11]. In the present study the first aim
was to investigate whether inflammation and neurodegeneration
MRI phenotypes were associated with serum levels of neurofil-
ament light chain (NfL) and glial fibrillary acidic protein (GFAP),
and secondly to evaluate the prognostic role of MRI phenotypes
and serum biomarker levels on treatment response and long-term

disease outcomes.

METHODS

Patients

From the initial cohort of 108 patients with RRMS who partici-
pated in our previous study [11], 80 patients were selected based
on availability of serum samples in proximity to the baseline MRI
scans. This cohort corresponded to RRMS patients who started
immunomodulatory treatment with IFNB as their first disease-
modifying therapy (DMT). During follow-up, the presence of re-
lapses and EDSS scores were recorded at regular in-clinic visits
every 6 months. Brain MRI scans were performed annually during

the first 2years on IFN treatment, and then at the discretion of
the clinician, to assess the presence of new or enlarging T2 lesions
and Gd-enhancing lesions. In those patients who switched treat-
ment during follow-up, MRI scans were also performed annually
for the first 2 years on the new treatment and thereafter according
to clinical disease evolution or type of treatment used. The study
was approved by the Clinical Research Ethics Committee at the
Vall d'Hebron University Hospital and all patients signed a written

informed consent.

Baseline MRI phenotypes

Baseline brain MRIs were acquired on a 1.5T superconductive
magnet using a standardized protocol (2D fast spin-echo dual
echo T2-weighted, and pre- and post-contrast [0.1 mmol/kg,
5min delay] 2D spin-echo T1-weighted sequences) as previously
described [11]. In all patients, two experienced neuroradiologists
visually assessed the presence and number of Gd-enhancing le-
sions on post-contrast T1-weighted scans. Brain parenchymal
fraction (BPF), a normalized brain volume measure, commonly
used as a surrogate of whole-brain atrophy, was calculated on the
pre-contrast T1-weighted scans using a fully automated segmen-
tation technique. For calculating the non-enhanced T1 black hole
volume an in-house automatic segmentation algorithm was used
that measured the T1 lesion load from the initial T2 lesion seg-
mentation that was used as lesion mask. T2 lesion segmentation
was performed using a semiautomatic local thresholding contour
technique (Dispimage, DL Plummer, University College, London,
UK) or, if the lesion could not be outlined satisfactorily with this
approach, by manual outlining. Relative T1 black hole volume or
black hole fraction (BHf) is expressed as the ratio of T1 lesion vol-
ume to the T2 lesion volume.

Magnetic resonance imaging scans were first classified into low
inflammation and high inflammation phenotypes according to the
presence or absence of contrast-enhancing lesions. MRI phenotypes
with high neurodegenerative component were defined as follows: (i)
the presence of BPF values <0.83 or (ii) BPF values 20.83 and the
presence of BHf values 210%. MRI phenotypes with low neurode-
generative component were defined by the presence of BPF values
>0.83 and BHf values <10% [12].

Considering the two major pathological processes taking place
in the central nervous system of MS patients, for the present
study the four initial radiological phenotypes (low inflammation
and low neurodegeneration; low inflammation and high neurode-
generation; high inflammation and low neurodegeneration; high
inflammation and high neurodegeneration) were regrouped into
two major phenotypes: inflammation and neurodegeneration. In-
flammation phenotypes merged the two phenotypes with high
inflammation and the two phenotypes with low inflammation.
Similarly, neurodegeneration phenotypes merged the two pheno-
types with high neurodegeneration and the two phenotypes with
low neurodegeneration.
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Quantification of serum biomarker levels

Blood was collected in proximity to the baseline MRI scans and IFN{
onset (Table S1). Briefly, peripheral blood was drawn by standard
venipuncture and allowed to clot spontaneously for 30min. Serum
was obtained by centrifugation and stored frozen at -80°C until
used. Levels of NfL and GFAP in serum were determined on the
fully automated ultrasensitive Simoa HD-1 Analyzer (Quanterix),
using the human NfL and GFAP assays purchased from Quanterix.
Samples were run in duplicate diluted at a 1:4 ratio, and appropriate
standards and internal controls were included in accordance with
the manufacturer's instructions. The mean intra-assay coefficient of
variation for duplicate determinations for concentration was 5% for
NfL and 3% for GFAP. The inter-assay coefficient of variation was
8.7% for NfL and 6.9% for GFAP.

Disease outcomes

Radiological phenotypes and biomarker levels at baseline were in-
vestigated for their potential associations with the following disease

outcomes.

(i) Response to IFNB. Therapeutic response to IFNf was evaluated
by the time to evidence of disease activity (EDA). Disease activ-
ity was defined by the occurrence of at least one of the following
situations: relapses; new or active lesions on brain MRI scans;
and sustained increase in EDSS (1 point when the baseline EDSS
was less than or equal to 5.5, and 0.5 points for baseline EDSS
higher than 5.5). For the analysis, the time elapsed from IFNB
onset to the first manifestation of disease activity was consid-
ered taking into account the first 5years on IFNf treatment.
Response to IFNp was also evaluated following classification of
MS patients according to two extremes of therapeutic outcome:
patients without disease activity during the entire period of use
of IFNB treatment (IFNp responders) and patients with a lack of
response to a third DMT (IFNf non-responders).

(ii) Time to second-line therapies and proportion of patients with
second-line treatment at the time of the last follow-up visit.
Time to second-line treatment was calculated as the time be-
tween the baseline and onset with second-line therapies. For
the study, fingolimod, natalizumab, cladribine, alemtuzumab,
ocrelizumab and rituximab were considered as second-line
therapies. Anti-CD20 therapies used during follow-up to treat
patients with SPMS were excluded from the analysis.

Time to SPMS and proportion of patients with SPMS at the time

of the last follow-up visit. Time to SPMS was calculated as the

(iii

=

time between the baseline and the time to develop a progres-
sive phase of the disease defined by the presence of sustained
progression of EDSS in the absence of relapses.

(iv) Time to EDSS 6.0 and proportion of patients with EDSS 6.0 at
the time of the last follow-up visit. Time to EDSS 6.0 was cal-
culated as the time between the baseline and the time to reach

an EDSS of 6.0, by which the patient needs walking assistance.
Time to EDSS 6.0 was confirmed at 6 months.

Statistical analysis

Associations between radiological phenotypes and biomarker lev-
els were analyzed using Student's t tests. To assess the prognostic
role of radiological phenotypes and biomarker levels for the dif-
ferent defined outcomes, event rates were calculated in person-
years by dividing the number of observed phenotypes during the
study period by the sum of all individual follow-up times. Survival
estimates for the biomarkers were analyzed using Cox proportional
hazards models; the Kaplan-Meier survival analysis was used to
compare survival curves between the two radiological phenotypes.
To assess the proportion of patients with second-line treatment
and SPMS at the time of the last follow-up visit, chi-squared and
Fisher's exact tests were performed. For the comparative analysis
of the two extremes of therapeutic outcome, a Mann-Whitney U
test or a Student's t test was carried out as appropriate for quan-
titative variables, and a chi-squared test for categorical variables.
For all analyses, biomarkers were adjusted by age. Analyses were
conducted using R Version 4.2.0. p values below 0.05 were consid-
ered significant.

RESULTS

Demographic and clinical characteristics of RRMS
patients at baseline

Table 1 summarizes demographic and clinical characteristics of
the whole cohort of RRMS patients at baseline of IFNS onset and
after segregation into radiological phenotypes. Mean age (SD) of
the whole cohort was 34.1 (8.4) years and the female/male ratio
was 3.0. Mean follow-up time was 16.7 (2.9) years. Inflammation
phenotypes included 30 (37.5%) patients with high inflammation
and 50 (62.5%) with low inflammation. Neurodegeneration pheno-
types included 48 (60.0%) patients with high neurodegeneration
and 32 (40.0%) with low neurodegeneration. Baseline variables
such as sex, EDSS and number of relapses in the previous year were
comparable amongst patients with high and low inflammation, and
amongst patients with high and low neurodegeneration. Patients
with high neurodegeneration were older (p=0.003) and had longer
disease duration (p=0.035) at the time of IFNf treatment onset.
Mean follow-up time for patients with high and low inflammation
was 16.2 (3.3) and 16.9 (2.7) years respectively, and for patients
with high and low neurodegeneration 16.5 (3.5) and 16.9 (1.6)
years, respectively (Table 1).

At baseline, serum NfL levels were not associated with disease
duration, EDSS, number of relapses or follow-up time (Table S1).
GFAP levels correlated with EDSS at baseline (p=0.02) but not with
the other baseline or follow-up clinical variables (Table S2).
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Serum NfL levels are associated with the high
inflammation phenotype and GFAP levels with the
high neurodegeneration phenotype

First, the association between MRI phenotypes and serum bio-
marker levels at baseline was investigated. As shown in Figure 1a,

serum NfL levels were significantly higher in the high inflammation

phenotype compared to the low inflammation phenotype (p=0.04),
whereas no significant differences were observed between the high
and low neurodegeneration phenotypes. In contrast, serum GFAP
were significantly increased in the high neurodegeneration pheno-
type compared to the low neurodegeneration phenotype (p=0.03),
but levels were comparable between the high and low inflammation
phenotypes (Figure 1b).

TABLE 1 Demographic and clinical characteristics of RRMS patients according to the MRI phenotypes.

Inflammation phenotypes

Neurodegeneration

Characteristics Whole cohort High Low p value High Low p value
N (%) 80 0(37.5) 50 (62.5) - 48 (60.0) 2(40.0) -

Age (years) 34.1(8.4) 32.5(6.8) 35.1(9.1) 0.194 36.4(8.4) 30.8(7.4) 0.003
Female/male (% women) 60/20 (75.0) 22/8(73.3) 38/12(76.0) 0.790 38/10(79.2) 22/10 (68.8) 0.292
Duration of disease (years) 4.8(5.2) 3(4.7) 5.0(5.5) 0.518 5.7 (5.6) 3.3(4.1) 0.035
EDSS? 2.0(1.5-2.5) 5(1.5-2.0) 0(1.5-3.0) 0.081 2.0(1.5-2.6) 1.8(1.0-2.1) 0.198
Number or relapses® 1.5(0.7) 6(0.9) 4(0.6) 0.164 1.4(0.7) 1.4(0.8) 0.855
Follow-up time (years) 16.7 (2.9) 16.2(3.3) 16.9 (2.7) 0.269 16.5(3.5) 16.9 (1.6) 0.501

Notes: Data are expressed as mean (standard deviation) unless otherwise stated. Age and EDSS correspond to the baseline of IFNf onset. Disease
duration was calculated as the difference between disease onset and IFNp treatment onset. Follow-up time was calculated as the difference between
IFNB onset and the time of the last visit. Significant p values are shown in bold.

Abbreviations: EDSS, Expanded Disability Status Scale; IFNp, interferon-beta; MRI, magnetic resonance imaging; RRMS, relapsing-remitting multiple

sclerosis.
2Data are expressed as median (interquartile range).

PRefers to the number of relapses in the previous year before IFNp onset.
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FIGURE 1 Association between radiological phenotypes and serum biomarker levels. Box plots showing the distribution of serum NfL
levels (a) and GFAP levels (b) in MS patients with high and low inflammation, and with high and low neurodegeneration.
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High inflammation phenotype and high serum
NfL levels are associated with the response to
IFNB treatment

The association between radiological phenotypes and biomarker levels
with the response outcome was next evaluated. As shown in Figure 2a,
a shorter time to EDA was observed in patients belonging to the high
inflammation phenotype compared to the low inflammation subgroup,
with a median time to EDA of 1year for the high inflammation pheno-
type and of 2.5 years for the low inflammation phenotype (p=0.04). In
contrast, time to EDA was similar between patients belonging to the
high and low neurodegeneration phenotypes (Figure 2b).

High serum NfL levels at baseline were associated with an in-
creased risk for EDA during IFN treatment (hazard ratio 1.014, 95%

confidence interval 1.004-1.023; p=0.004), whereas no association

was observed between high serum GFAP levels and risk for EDA
(Table 2).

Treatment response was also evaluated according to extremes of
therapeutic outcome. Treatment responders (N=17) were receiving
IFNB for a mean time of 10.2 (6.1) years, whereas non-responders to
a third DMT (N=12) were treated with IFNp for a mean time of 4.5
(3.7) years (p=0.008). On comparing the two extremes of therapeu-
tic outcome groups, a trend towards significantly higher serum NfL
levels was observed in the non-responder group (p=0.06), whereas
serum GFAP levels were comparable between the two groups of pa-
tients (Figure 3). The proportion of patients belonging to the high and
low inflammation and neurodegenerative radiological phenotypes
was also similar between IFN responders and non-responders to a
third DMT (p=0.43 and p=0.44 for the inflammation and neurode-

generation phenotypes respectively) (data not shown).
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FIGURE 2 Time to evidence of disease activity at year 5 of IFNp treatment. Kaplan-Meier curves showing the survival of patients with
RRMS for the event evidence of disease activity in the first 5years on IFN treatment for high and low inflammation phenotypes (a) and high
and low neurodegeneration phenotypes (b). The blue and red lines correspond to survival probability for the low and high inflammation
phenotypes, respectively. Shaded areas correspond to the 95% confidence interval for each curve, and overlap between confidence
intervals is represented in gray. Discontinued lines indicate median times to the event for each group.

TABLE 2 Association between serum NfL and GFAP levels at baseline and disease outcomes.

Serum NfL levels

Serum GFAP levels

Outcomes HR (95% CI) p value HR (95% CI) p value
Time to EDA 1.014 (1.004-1.023) 0.004 1.001 (0.998-1.003) 0.41
Time to second-line therapy 1.006 (0.995-1.017) 0.26 0.998 (0.994-1.003) 0.59
Time to SPMS 1.000 (0.988-1.023) 0.95 1.001 (0.998-1.003) 0.67
Time to EDSS 6 0.986 (0.960-1.015) 0.35 1.001 (0.998-1.004) 0.49

Note: Cox regression model was adjusted by age. Significant p values are shown in bold.

Abbreviations: Cl, confidence interval; EDA, evidence of disease activity after IFNp treatment; EDSS, Expanded Disability Status Scale; GFAP, glial
fibrillary acidic protein; HR, hazard ratio; IFNB, interferon-beta; NfL, neurofilament light chain; SPMS, secondary progressive multiple sclerosis.
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Radiological phenotypes, but not serum biomarker
levels, are associated with long-term prognosis

As a next step, an investigation of whether radiological phenotypes
and biomarker levels were associated with long-term prognostic
outcomes such as the time to second-line therapies, time to SPMS
and time to EDSS 6.0 was carried out. For radiological phenotypes,

(a) Serum NfL levels

- p=0.06

H
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the high inflammation phenotype was associated with a shorter time
to second-line therapies compared to the low inflammation pheno-
type (p=0.04; Figure 4a). As shown in Figure 4b, a trend towards
a significantly higher proportion of patients on second-line thera-
pies at the last follow-up visit was observed in the high inflammation
phenotype (48% vs. 26% for the high and low inflammation phe-
notypes, respectively; p=0.06). Regarding the neurodegeneration
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FIGURE 3 Comparison of serum biomarker levels between two extreme groups of therapeutic outcome. Box plots showing the
distribution of serum NfL levels (a) and GFAP levels (b) in MS patient responders to IFNp versus non-responders to a third disease-modifying

treatment (DMT).
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FIGURE 4 Radiological phenotypes and time to second-line therapies. Kaplan-Meier curves showing the survival of MS patients for the
event initiation of a second-line therapy for high and low inflammation phenotypes (a) and high and low neurodegeneration phenotypes

(c). The blue and red lines correspond to survival probability for the low and high inflammation phenotypes, respectively. Shaded areas
correspond to the 95% confidence interval for each curve, and overlap between confidence intervals is represented in gray. Discontinued
lines indicate median times to the event for each group. Proportion of patients from high and low inflammation phenotypes (b) and high and
low neurodegeneration phenotypes (d) on second-line therapies at the last follow-up visit. “No” and “Yes” indicate patients not receiving
second-line therapies and treated with second-line therapies, respectively.
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phenotypes, no significant differences were observed in the time to
second-line therapies or in the proportion of patients on second-line
therapies at the time of last visit between patients belonging to the
high and low neurodegeneration phenotypes (Figure 4c,d).

When the time to develop an SPMS disease course was evalu-
ated, the high neurodegeneration phenotype was associated with a
shorter time to SPMS compared to the low neurodegeneration phe-
notype (p=0.006; Figure 5c). In addition, the proportion of patients
with SPMS at the end of the study was significantly higher in the
high neurodegeneration group (46% vs. 19% for the high and low
neurodegeneration phenotypes, respectively; p=0.01) (Figure 5d).
In contrast, the time to SPMS and the proportion of patients with
SPMS at the end of the study were comparable between patients
from high and low inflammation phenotypes (Figures 4b and 5a).

For the outcome time to EDSS 6.0, a trend towards a shorter time
to reach an EDSS of 6.0 was observed in patients belonging to the high
neurodegeneration phenotype compared to patients from the low neuro-
degeneration phenotype (p=0.09; Figure 6c), whereas the time to EDSS
6.0 did not differ between patients from high and low inflammation phe-
notypes (Figure 6a). Likewise, the proportion of patients with EDSS 6.0
at the end of follow-up was comparable between patients with high and
low inflammation and neurodegeneration phenotypes (Figure 6b,d).

Regarding biomarkers, high baseline serum NfL or GFAP levels
were not associated with an increased risk for time to second-line
therapies, time to develop an SPMS disease course or time to reach
an EDSS of 6.0 (Table 2).

DISCUSSION

In clinical practice, the difficulty of predicting future disease trajec-
tories and early optimization of treatment decisions remain a major
challenge [1]. This situation has become even more complex in re-
cent years due to the substantial increase of the therapeutic arsenal
to treat MS patients [13, 14]. Currently, the characteristics of the
baseline MRI (humber, topography and activity of the lesions) con-
stitute the main prognostic factors of disease activity [15]. However,
the extreme variability of individual disease courses [1] and the lack
of radiological neurodegeneration parameters applicable in clinical
practice [16] make it difficult to predict long-term disease outcomes.
In this context, serum biomarker quantification is likely to provide
additional information relevant to understanding the pathophysiol-
ogy of MS and better identifying patients at increased risk of dis-
ease severity and long-term disability [17, 18]. In a previous study
conducted by our group, a cohort of RRMS patients was classified
into different MRI phenotypes characterized by high and low inflam-
mation and high and low neurodegeneration in order to correlate
radiological phenotypes with specific blood transcriptomic patterns
[11]. Here, the aim was first to assess whether MRI phenotypes cor-
related with serum levels of NfL and GFAP. In blood samples col-
lected in proximity to the brain MRI scans used for classification
of patients according to radiological phenotypes, serum NfL levels
were associated with the high inflammation phenotype, whereas

serum GFAP levels correlated with the high neurodegeneration

Time to SPMS
(a) Inflammation phenotypes (c) Neurodegeneration phenotypes
Groups ~+ low = high Groups ~ low = high

100 1.00

078 075
E —%\?ﬁh £
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000 0.00

] H 10 I3 20 3 3 10 " 2
Years Years
Number at risk Number at risk
] 4 10 3 2 ] 10 B3 2
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(b) (d)
p=0.46 Yes
Yes p=0.01
No
No
Low High Low High

FIGURE 5 Radiological phenotypes and time to SPMS. Kaplan-Meier curves showing the survival of MS patients for the event
development of SPMS for high and low inflammation phenotypes (a) and high and low neurodegeneration phenotypes (c). The blue and red
lines correspond to survival probability for the low and high inflammation phenotypes, respectively. Shaded areas correspond to the 95%
confidence interval for each curve, and overlap between confidence intervals is represented in gray. Proportion of patients from high and
low inflammation phenotypes (b) and high and low neurodegeneration phenotypes (d) with SPMS at the end of the study. “No” and “Yes”
indicate patients not developing SPMS and patients with SPMS, respectively.
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Time to EDSS 6.0
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FIGURE 6 Radiological phenotypes and time to EDSS 6.0. Kaplan-Meier curves showing the survival of MS patients for the event
reaching EDSS 6.0 for high and low inflammation phenotypes (a) and high and low neurodegeneration phenotypes (c). The blue and red
lines correspond to survival probability for the low and high inflammation phenotypes, respectively. Shaded areas correspond to the 95%
confidence interval for each curve, and overlap between confidence intervals is represented in gray. Proportion of patients from high and
low inflammation phenotypes (b) and high and low neurodegeneration phenotypes (d) with EDSS 6.0 at the end of the study. “No” and “Yes”
indicate patients who do not reach a EDSS 6.0 and patients who do, respectively.

phenotype. These are in agreement with previous studies reporting
predominant associations of serum NfL levels with inflammation MS
outcomes [19-21], and of serum GFAP levels with disability progres-
sion disease outcomes [22, 23].

In a second part of the study, the aim was to evaluate the prog-
nostic role of inflammation and neurodegeneration radiological pheno-
types and serum biomarker levels on treatment response outcomes, as
well as long-term disease outcomes after a mean follow-up of 17 years.
Considering that our study cohort corresponded to the baseline of
IFNpB treatment, and all patients included in the study were treated
with IFNB, the response to this drug was evaluated first. The high in-
flammation phenotype was associated with a suboptimal response to
IFNp evaluated by the time to EDA. In concordance with these find-
ings, high serum NfL levels, which correlated in our study with the high
inflammation phenotype, were also more likely to be associated with
disease recurrence in a shorter period of time after treatment onset
with IFNB. Previous studies have also reported associations between
serum NfL levels and the therapeutic response to DMT [23-25]. Taking
advantage of the long follow-up of our study cohort, the response to
treatment in two extreme groups of treatment responders (IFNf re-
sponders vs. non-responders to a third DMT) was also explored, and
it was observed that higher NfL levels at the start of IFNf treatment
were associated with a trend towards worse response and therefore
lower probability of remaining free of disease activity.

Perhaps a closer clinical-radiological monitoring would be advis-
able in those patients who start moderately effective therapies with

high baseline serum NfL levels and/or high inflammatory activity in
the baseline MRI, given the greater risk of reactivation of the disease
in the short term and therefore a suboptimal response to treatment.
When evaluating long-term outcomes, only radiological pheno-
types seemed to play a prognostic role in the disease. As has been re-
ported before [15], it was found that the high inflammation phenotype
was associated with a shorter time to use of second-line therapies. In
addition, a greater proportion of patients belonging to this radiological
phenotype required a second-line treatment at the end of the study.
Maybe this is related to a common process of therapeutic switch
based mainly on inflammatory rather than neurodegenerative MRI
markers, the latter being very difficult to evaluate in clinical practice.
For long-term disability outcomes, associations were restricted to
the high neurodegeneration phenotype, and patients belonging to this
group were characterized by a shorter time to develop an SPMS dis-
ease course. Likewise, a higher proportion of patients from the high
neurodegeneration phenotype had the SPMS clinical form at the time
of the last follow-up visit. For the outcome time to EDSS 6.0, although
a trend for shorter time was observed in the high neurodegeneration
phenotype, the association did not reach statistical significance most
probably due to the low frequency of patients achieving this outcome.
In contrast to MRI phenotypes, serum biomarker levels were not as-
sociated with long-term prognostic factors after a mean follow-up of
17 years. Although a number of studies have shown that blood and
cerebrospinal fluid NfL levels may predict future worsening of disabil-
ity in MS patients, few studies analyzed long-term disability outcomes
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such as conversion to SPMS and time to EDSS 6.0. In a study by Ma-
nouchebhrinia et al. [26], blood NfL levels were not consistently associ-
ated with the risk of reaching a sustained EDSS of 6.0 or with the risk
of conversion to SPMS after a median follow-up of 5years. In another
study by Uphaus et al. [27], blood NfL levels were associated with con-
version to SPMS after a median follow-up of 6 years. Regarding GFAP,
one study reported an association between cerebrospinal fluid GFAP
levels and time to reach an EDSS of 6.0 in a univariable but not multi-
variable analysis after a mean follow-up of 12 years [28].

Our study has as limitation the relatively small sample size. An-
other limitation relates to the radiological measures used for classifica-
tion of inflammation that includes only Gd-enhancing lesions and not
new/enlarged T2 lesions, which is also considered a marker of inflam-
matory activity. As an additional limitation of the study, patients were
included who started IFNB, a currently little-prescribed treatment. In
this context, our results should be confirmed in patients treated with
the new disease-modifying drugs. However, as a strength, the selec-
tion of a homogeneous prospective cohort of patients with RRMS who
started IFNB as first treatment in all cases, with extensive follow-up,
allowed us to assess short- and long-term disease outcomes. Another
strength of the study is the definition of MRI phenotypes according to
radiological sequences available in clinical practice.

In conclusion, radiological phenotypes defined by various de-
grees of inflammation and neurodegeneration have prognostic im-
plications in treatment response and long-term disease outcomes
and correlate with serum levels of NfL and GFAP respectively. Base-
line serum NfL levels were associated with the treatment response
outcomes but not with long-term prognostic outcomes such as time
to second-line therapies, SPMS and EDSS 6.0.
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